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A THEORETICAL AND EXPERIMENTAL STUDY OF PLANING SURFACES INCLUDING EFFECTS
OF CROSS SECTION AND PLAN FORM ‘

By CHARmaL. SHUFORD,Jr.

SUMMARY

A summary is given of the backgroundand present sta$w of
the pure-plani~ theoryfor redumgw?ur$atplata and ~-bottom
surfaces. The eguaiio-n.sreviewed are compared with expm”-
ment. In order to extend the range of availableplam”ngti,
tti principal pkming charaderistti for modeb having sharp
chinw have been obtairwdfor a ?’ec&znguLar#at and two ~-
bottmnsurfaces having comtant anglm of dead tie of l?OOand
.@”. Planing data were a180obtuined for jlui-plaie eurfacea
with ve~ 81ighl@Towndedchine-sfor which decread lij? and
drag wewnis are obtaind.

A revision of the theory prewnted in A?ACA T&hnical Note
92’99 is presented for tti rectun.guhwjlai ph. The revised
theory bases tlw aerodynamic &ion e$ects on tb total lifl
rather than solely on the linear component. 430 a crossj?ow

drag Coemt which is dependent on the dupe of th china
wu fownd from experiment to be cwwtamtfor a given immer8ed
cro88 SeCliOn;hOWtWeT, fOT WW@CS+?,wch a+? ih8e ?UZV@7

karizontd chine J2zre or verticul chine strip8, the crossj%w
drag coe@i#nt is constant &y for the chine-immer8edcondi-
tion. The theory h em%ndedto include ti~ular @t pti
planing with bme forward and ~-skuped pnkna$ic surfaca
hating a constant angle of dead rise, ?wrizontalchine jfare, or
VCTtiCdchim 8t#’ipS. A n-dwd is &O pnwnted for estimuti?q7
t?wcent-wof premure for ewrfaw having eitlwr mctmgular or
*’angular plan form. The resw% cahdated by the pTopo8ed
th.my have been correlated only with tb data cmwideredto be
pure planing; however,for conditti not cowidered pure p?am-
ing, a method is given for eatimatin.gtb e~ectx of tianq.
TkE agreement between the raw% calculated by the propo8ed
theory and the experimen~ duta is, in gen.md, good for
cahc.ula$wnsof pure-plani~ lift and center-of-pressure .?acation
for$at pti, ~-bottom, and relut.edp.kzningswrfamx.

INTRODUCTION

Recent developments in water-based aircraft have resulted
in conflgumtions utilizing planing surfacea operating at
angles of trim, length-beam ratio, and Froude number
beyond those for which most of the available planing theories
were correlated with experimental data. In reference 1
a preliminary review of these theork for a pure-planing
rectangular flat plate was made to determine whether
available planing theories were adequate in estimating the

1SUPCIWIWNAOATeclmkd Noto3939by ObarlesL. Shnford,Jr., 1967.

planing lift in these extended ranges. In addition to this
review, a modification and addition to existing theory which
is useful in predicting the lift and center of pressure for
pure-planing rectanguk flat plates was presented.

The review in reference 1 indicated there were no data
available in the extended ranges of combined high trim and
high length-beam ratios; consequently, the principal planing
characteristics, for models having sharp chines have been
obtained in these extended rangca for a rectangular flat and
two V-bottom surfaces. It was also noted in reference 1
that there was a difference in the lift coefficients obtained
from various experimental investigations; therefore, data
have been obtained for rectangular flat-plati surfaces having
very slightly rounded chines to determine the influence of
slight diilerencw in construction at the point of flow separa-
tion on the lift wticient.

The review of existing theories and data has been intended
to include those applicable to V-bottom surfaces. The
theory presented in reference 1 for estimating the lift and
centw-of-preswre location of a pure-planing rectangular
flat plate has been revised and extended to include triangular
flat plates planing with base forward and V-shaped prismatic
surfaces having a constant angle of dead rise, horizontal
chine flare, or vertical chine strips. Since water-based
aircraft operate at low Froude numbers as well as high
Froude numbers, an-approximate method has also been pre-
sented for estimating the effect of buoyancy on lift coefficient.
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lift coefficient

lift coefficient due to buoyancy,$~ (see eq- (31))

lift coefficient based on square of beam, ~

lift coe5ciant based on principal wetted area,
L-
$

liftcoefficient due to buoyancy based on total
wedge-shaped volumetric displacement of the

planing surface, ‘& (see eqs. (28) to (30))

speed coefficient or I?roude number, -
&

drag of pkUl@ SUIfW3, lb
dead-rise function (applibd only to crossflow

term, see fig. 2)
acceleration due to gravity, 32.2 ft/se@
dead-rise function (applied only to linear term,

see fig. 1)
lift of planbg surface, lb
lift due to buoyancy, lb
lift due to buoyancy based on total wedge-

shaped volumetric displacement of the plan-
ing surface, lb ,

length of planing surface, ft
chine wetted length, ft
keel wetted length, ft
merm wetted length (distance horn aft end of

planing surface to the mean of the heavy
spray line), ft

center-of-presare location (measured forward
of hailing edge), ft

nondimemional center-of-pre9surelocation

normal force, lb

free-stream dynamic pressure, ~PV’, lb/sq ft

Reynolds number, ~

principal wetted area (bounded by trailing
edge, chines, and heavy spray line), sq ft

horizontal velocity, ftlsec
angle of dead rise, radians unless otherwise

stated
effective angle of dead rise (angle between a

strr@ghtline drawn from keel to the chines
and the horizontal), radians unless otherwise
stated

basic angle of dead rise (angle between V-
&aped portion of model and a horizontal line
perpendicular to keel), radians unless other-
wise stated

mass density of water, slugs/cu ft
trim (angle between planing bottom and hori-

zontal), radians unless otherwise stated
kinematic viscosity, sq ft/sec

used to indicate various terms in equations for
lift coefficient

REVIEW OF EXISTING PLANING-LIFT THEORY

In reference 1 the pure-planing lift equations for rectangu-
lar flat plates presented in references 2 to 11 were reviewed
and compared with experiment. In addition to lift theories
for rectangular flat plates, the presmt review consiclera V-
shaped surfaces having a constant angle of dead rise and
V-shaped surfaces having horizontal chine flare.

Since publication of referance 1, Fading (ref. 12) pre-
sented a cubic equation for the lift on rectangular flat plates
derived from Qconsideration of deflected mass and based on
an effective angle of attack. The equation has the form

C#+[(2.292-l.571Ji) .–2.379–@’.’+

[2A+4+ (6.283A–4.584)~] CL-6.283A~=0 (1)

However, the lift coefficient obtained from equation (1) was
multiplied by m empirical factor to get better agreement with
experimental data; thus,

CLa~=CLl (2)
where

()
t=l.359–tanh ~& (!PS7S13”) (3)

f=135’-’d(w+(M%ilil‘1’0’’’30
(4)

and ~ is measured in degrees.
P. R. Crewe of SandewRoe Ltd. (British) in correspond-

ence with the Langley Laborritory proposed an equwtion for
rectangular flat plates and a V-shaped surface having a basic
angle of dead rise of 20° and horizontal chine flare that had
a linear term with a form analogous to QirfoilMting-surfaco
theory. This equation, based on the data of Kapryan and
Weinstein (ref. 13), is

(6)

,C’’’=sh”cosr[
1

2 sin r—B dll~ T

where
B=2.67 (A<2.o)

B=3.o (A>2.0)

and p~wi.is the basic angle of dead rise in radians for a model
having horizontal chine flare.

In reference 14, Korvin-lGoukovsky, Savitsky, and
Lehman proposed an equation for rectangular flat plates and
V-shaped surfaces having a constant angle of dead rise that
was derived primarily on the baais of the data of Sottorf
(ref. 15) and Sambraus (ref.- 16). This formula can be
written as

,[
CL,~=0.012(67.3r) ’”’A0.’–0065(5753 ~)~)~ 0.012~~~37)*.’]0.0

(6)
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Locke (ref. 17) proposed that the l~t characteristics of
rectangular flat plates and V-shaped surfaces having a
constant angle of dead rise can be presented by a power
function of the form

() 2P KTVC.,.9=0.5 1–; (7)

whero K and q depend only on aspect ratio and are obtained
from curves given in reference 17.

Schnitzer (ref. 18) presented an equation for rectangular
flat pl~tes rmd V=haped surfaces which was derived from a
consideration of twodimensiomd deflected mass and was
modified for three-dimensional flow by Pabst’s empiricnl
nspect-mtio correction factor (ref. 19) and Bobyleff’s flow
coeficionts presented in reference 20. The equation can be
written in the form:

The term ~, which is dependent on aspect ratio, rmd the
term B, which is dependent on angle of dead rise, are given
in references 19 and 20, respectively. For the case of a
flnt-plate planing surface, equation (8) reduces to

(c.,.+ ~ Sin T C& 7+0.88 SkL2T cm T) (9)

In reference 21, Brown presented empirical equations
bed on deflected-mass considerations for rectangdar flat
plates and V-shaped surfaces having a constant angle of
dead rise. The equations for a flat plate can be written in
[he form:

and

(Jp’,~= (1.67 Sill 7+0.09) Sill T COS T 1–; +

2T b—. (lm&b)
r lm

3 cot g
(11)

For o surface having rLconstant angle of dead rise,

CL,S=3.6 $ cOtaPsin37(l-sin 7) cos r (M lk,a) (M

nnd

““=[1’7(1-:)‘h”+ooglsh’cos+w+

0.9~sin ~(1—sin r) cos3r (1,> 1.,-) (13)

where

which is defined as the critical keel wetted length. For
surfaces having a constant angle of dead rise and a transverse
step, the critical keel wetted length is detied as the keel
wetted length at which the stilhvater line prms.esthrough
the rfimost point-of the chine. For the flat plate the value
of the critical keel wetted length was assumed, after rmnl-ysis
of experimental data, to be equal to the beam.

PROPOSED THEORY

m

In reference 1 an equation for the lift on a rectanggnr
flat plate was developed from a consideration of linear and
nonlinear components of lift (an approach generally used in
low-aspeckratio and slender-body airfoil theory). In the
present report this equation is revised and extended to
include V-bottom surfaces. The equation is divided into
three parts: (1) a reasonably accurate approximation to the
linear components of lift is made; (2) a method for calculating
the crossflow effects is presented; and (3) nn estimation of
the aerodynamic leading-edge suction is made.

Linear term.—The linear term is determined in refer-
ence 1 from a consideration of the lifting-line theory and is
given by

(15)

This relation gives the linear component of lift on a pure-
planing flat plate.

In references 3 and 18, a dead-rise function was determined
from a comiideration of an iterative solution made by
~Wagner (ref. 2) for the impact force on a V-bottom surface
immersing with a constant vertical velocit.~. The dead-rise
function can be written

This dead-rise function (developed for application to equa-
tions derived fkom virtual mass concepts) does not correlate

‘well with experiment when applied to equation (15) for
angles of dead rise above approximately 25°. Therefore,
another dead-rise function 1—sin @, which correlates well
with experiment up to anglea of dead rise of 50° is used;
thus,

0.51TAT
cL,9’— l+A (

l—sin pa) (16)

This expression is for the linear component of lift on rec-
tangular flat and V-bottom planing surfaces. A comparison
of the dend-rise function 1—sin & with the dead-rise function
based on Wagner’s solution is @ven in figure 1.

Crossflow effeots,-l?or a smple theoretical considera-
tion of the crossflow effects, the velocity component perpen-
dicular to the surface of a flat plate is assumed to be of the
magnitude V sin r. The flow is projected into components

W?03(17-00—-2S
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perpendicular to and parallel to the planing surface, and the
drag force associated with the flow perpendicular to the
planing surface is calculated. The normal force on a flat
plate, therefore, is

N=cD,e ; S(VSinT)’

Then
Ch.s= cD,e Sin=r COS T (17)

is a lift coefficient due to crossflow effects, and is proportional
to sin2r. This relation is the concept presented for airfoils by
Betz in reference 22. The Crossflow drag coefficient CD, ~

used in this elementary derivation of the crowflow term was
assumed in reference 1 to be one-half the value (&.=2 gen-
er~y used for aerodynamic surfaces. The value of CD,.
is known to vary with the shape of the cross section and to be
sensitive to local shape at the edges. Since the theoretical
determination of these effects is very diflicult and the simple
cases which have been solved have not correlated with ex-
periment, the analysis of suitable experiments will generally
provide the easiest and most accurate method of detwmining
cD, e.

For the case of the V-bottom the theoretical efTectof dead
rise is given by Bobyleff in reference 20 for n bent lamina, the
section of which consists of two equal straight lines forming
an rmgle. Bobyleff’s flow coefficient, which can be approxi-
mated by cos f?, (see fig. 2), represents the ratio of the.result-
ant pressure on a V-bottom to that experienced by a flat
plate of the same beam in normal flow; thus,’

.
cL.4= (cD,&o 9in’T 03S T C(H ~. (18)

which is the crossflow component of lift.
Suction component of lift.-An airfoil has a suction com-

ponent of lift due to the large negative pressures produced
by the flow around the leading edge of the airfoil; however,
for a planing surface where there is no flow around the lead-
ing edge, this suction does not appw. k the strictest sense
the suction component of lift should be based only on the
linear term (see ref. 1); however, comparison of experiment
with theory indicates that better agreement is obtained if the
suction component of lift is based on C~2+ CL,l. Therefore,
the lift is less than that predicted by equations (16) and (18)
by an amount

CL&=(CL4+CL,j ti27 (19)

Total lift,-The total lift on pure-planing surfaces can be
obtained from the sum of the linear component of lift (eq.
(16)) ~d the cro~ow effects (eq. (18)) minus the suction
component of lift (eq. (19)); thus,

CL~_ 0.5%47
J–Tizi 1

00s% (l—sin /3.) +

[(cD,c)#e-o ~f$~ Sin2T COS~~

c~s= c~ A-CL,7

where

CL,~=* COS2T

by combining terms

}

(20)

(l–sin #9J (21)

and
&= (cD,&oCOS%SinzTCos 1% (22)

For equation (2o) to predict adequately the lift on triangu-
lar surfaces planing with base forward, it has been necessary
to deiine the aspect ratio as the ratio of maximum beam to
overall length; that is, AL= b/1.

APPLICATION OF LIFT THEORY

In order to use equation (20) to predict the lift of planing
surfaces, only the determination of the proper value of CD,.is
required. Values of CD,.for vtious chine configurations for
which experimental data are available are presented in
figure 3. For a given model C~,, did not vary with trim or
leng”ti-beam ratio. Also it can be seen that, as long as the
angle of dead rise was constant for the entire beam, c.,0

did not vary with the angle of dmd rise.
Rectangular flat and V-bottom surfaces having a oonstant

angle of dead rise.-The cross.flow drag coefficient for tho
sharp-chine models was determined from tests (from ref.
23 and data presented in the present report) to be 4/3. This
value is tsvo-thirds the value given for a two-dimensional
flat-plate airfoil; thus, from equation (20)

c.,s=!+f4&COS2r(l—SiIl~,) ~ sin2rCOS3rCOSI!?, (23)

The relative magnitudes of the total lift (eq. (23)), tho
total lift before removal of lift due to leading-edge suction

( )
eq. (16) plus eq. (18) with CD,C=~ , and the crossflow twm

( )
eq. (22) with CD,C=~ is shown in figure 4 for surfaces lmv-

ing angles of dead rise of 0°, 20°, and 40°.
Hor@ontal chine flare.-The total lift on a pure-planing

V-shaped prismatic surface with horizontal chine flare similar
to the models shown in tigure 5 can be determined from equa-
tion (2o). The crossflow drag coe5cients CD,, determined
from data presented in references 13, 24, and 26 are given
in iigure 3.

Vertical chine strips,-The total lift on a pure-planing
V-shaped prismatic surface with vertical chine strips similar
to the models shown in f@re 6 can be determined from
equation (2o). The crossflow drag coefficients determined
from the data presented in references 25 and 26 are given
in figure 3.

~ngular flat plate,—The total lift on a pure-planing
triangular flat plate planing with base forward can bo esti-
mated from equation (23) if the aspect ratio is defined M the
ratio of the mtium beam to the overall length or At= b/l;
thus,

c= ~= O.%A,r k
l+A,

COS9T+-COS%sin2r
3

(24)

CENTER OF PRE9SURE

The center of pressure on a planing surface maybe deter-
mined from the lift coefficients given by equations (21) and
(22) and by estimating the location of the center of pressure
of these two components of the tohd lift coefficient for a
given planing~urface plan form.
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Reotangnlar plan form,—The center of pressure of the
component of lift given by equation (21) is assumed to be
located at seven-eighths of the mean wetted length from the
trailing edge of the planing surface. This location is betwean
the threequarter-chord position generally assumed in lifting-
line theory and the position obtained from the prediction of
no lift behind the section maximum width for low-aspect-
ratio airfoils (ref. 27).

The center of pressure for the lift due to crossflow effects
is generally assumed to be located at the center of the area
in airfoil theory. Therefore, the center of pressure for the
component of lift given by equation (22) is assumed to be
located at the center of the mean wetted length; thus,

1
()

;CL,6+L.7
eJ3=
1 C!s

(25)
m role

where CL,Ois given by 6!CpfbtiOII (21), CL,7 is given by equa-
tion (22), add CLj~is given by equation (2o).

Triangular plan form,—The center of pressure of the
componmt of lift given by the first term on the right-hand
side of equation (24) is assumed to be located at the mean
of the hem-y spray line which is approximately the section
of maximum wetted width.

The center of pressure for the component of lift given by
the second term on the right-hand side of equation (24)
(that is, the crossflow term~ is assumed to be-at approxi~
&ately the center of the wetted area; thus,

()1
%+; cL,9

e= mlc cL,S

and is the center-of-pressure location for

(26)

triangular flat
plates planiug with base forward. The value of C~& is
determined from equation (24) where CL08and CL,gare given
by the iirst and second terms on the right-hand side of equa-
tion (24), respectively.

COMPARISON OF PROPOSED AND PREVIOUS PLANING FORMULAS

A comparison of the values of lift coefficient @lotted
against trim for constant length-beam ratio) calculated from
the proposed theory (eq. (20)) and from previous summarized
planing formulas is given in figures 7 to 10 and an index to the
comp&son is given-in the fo~owing table:

==m=--l+~’
Eqnatlon (:iY3m_D)dtifP10nfu for- LUt ti-

Cal@uration

4$,?,%%’....................--—---------------7J7(a

Reotnn@nr ~t @dS -.-. —. . . . . . . . . . (7), (9), (10),~d (II)
--. .-. -.. .. —-- (3, (0, d (0)

r
7 d)

-------------------- 7 e)
1; ● *--------------------

‘-&’&LT’Rd%.%o$-------- (Q*** 10

W nndhOliZ0Dt8fchh
arm (&=llv)

Woke ofCD,,of 4 (smeq. (23))wd onksotbemiwnotei.
.*LUt~rnd~h %not fo&d dnm theresultadep?ndedan tbOalrfofldti M
●**Volu130fC%I,cofLWns41neqm3tfon(23).

In figure 11 the VSJUMof lift coefficient (plotted aggt
mean-wetted-length-beam ratio for constant trim) cal-
culated from the proposed theory (eq. (23)) and planing
formulas as presented in references 14, 17, 18, and 21 are
compared with the data of the present report (see tabl~
I(a), II, and III) and references 23 and 28 for models having
angles of dead rise of 0° (fig. Ii(a)), 20° (fig. ll(b))l and
400 (fig. 11(c)). Only the theories that apply to both ilat-
plate and V-shaped surfaces have been compared in figure 11.

It can be seen from figures 11 (a) to 11(c) that none of the
planing formulas presented in references 14, 17, 18, and 21
are adequate for estimating the lift coefficients for either
flat-plate or V-bottom planing surfaces, whereas the lift co-
eiilcientscalcnlated,from the equation proposed in the present
report (eq. (23)) agree very well ~th ~eriment. The
equation prexmted in reference 12 (eq. (2)), however, gives
a good approximation of the lift coefficient for a flat plate.
(See @. 7(d).)

EXPERIMENTAL INVESTIGATION

DBCRITTION OF MODEM

The models used for this investigation had a beam of 4
inches and a length of 36 inches. The models shown in
figure 12 for a flat plate and surfac~ having angles of dead
rise of 200 and 400 were conshucted of brass and are the
same models investigated in references 23 and 28. Addi-
tional flat-plate models that had sharp chines, %i-inch-radiua
chines, and Xa-inch-radiuschines were constructed of plastic.
(See fig. 13.) The model with the %,-inch-radius chines was
made by rounding the chines on the sharp-chine model after
the trots with the sharp-chine model had been completed.
The plastic models were backed with a %inch reinforcing
steel plate.

APPARATUS AND PROCEDURES

The experimental investigation was made with the main
towing carriage in Langley tank no. 2 and existing strain-gage
balances which independently measured the lift, drag, and
moment. The lift and drag were measured with the balances
capable of measuring: (1) 600 pounds of lift and 250 pounds
of drag, and (2) 1,000 pounds of lift and 600 pounds of drag.
The moment was measured about an arbitrary point above
the model. The tests were made with the wind and spray
shield installed, as shown in figure 14, unless otherwise
indicated.

The wetted areaswere determined from underwater photo-
graphs made with a 70-millimeter camera mounted in a
waterproof box located at the bottom of the tank. The
camera and high-speed flash lamps -wereset off by the action
of the carriage interrupting a photoelectric beam. The
wetted length was obtained from markings on the bottom of
the models. In order to amwe a very smooth bottom, the
markings on the brass models were erased except in the region
of the heavy spray line. (See fig. 15.) The plastic models
had markings each j-iinch for the full length of the models.

The force measurements were made at constant speeds for
fixed angles of trim. The change in trim due to structural
deflection caused by the lift and drag forces on the model
was obtained during the calibration of the balances and the
trim of the model was adjusted accordingly before each run.
Slight adjustments b lift and resistance to correct the data
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to the desired trim were made after completion of tests fol
the criseswhere the forces or center-of-pressure location were
different from the values used to estimate the trim due to
structural deflection. The change in trim due to structural
deflection did not exceed 0.2° for most conditions although
in n few cases changes up to 0.6° occurred.

The aerodynamic forces on the model and towing gear
were found to be negligible when the wind screen was used.
The aerodymunic tares were subtracted from the data when
the wind screen was not used.

Tho accuracy of the quantities measured me believed to
be within the following limits:
Lift.,lb------------------------------------------------ +5.0
Resistance, lb------------------------------------------- +3. O
Trimming moment, ft.lb-_-----__-----------L------------ +3. O
‘iVetted length, fat -------------------------------------- +0. 01
Trim, deg---------------------------------------------- +0. 15
Spwd, ft/sw -------------------------------------------- +0.20

The forces were converted to coefficient formbyu singa
measured value of density of 1.942 slugs/cu ft. The kine-
matic viscosity measured during the tests varied from
1.53X10-6 sq ft/sec to 1.80X10-s sq ft/see.

RESULTS AND DISCUSSION

GENERAL 1

The lift coefficient, resistance coefficient, ratio of wetted
length to beam, ratio of center-of-pressure location to mean
wetted length, speed coefficient, and kinematic viscosity are
presented at given trims in tables I to 131 for all models.
The lift rmd drag coefficients me expressed both in terms of
the square of the beam and in terms of principal wetted aria.

Sharp chines.-The lift coefficients and center-of-pressure
location for the sharpdine models are considered in the
section ‘{Comparison of Theory and Experiment for Lift.”

The resistrmcedato for the sharp-chine brass models having
constant angles of dead rise of 0°, 20°, and 40° are presented
in figure 16 as plots of the variation of drag coefficient
CD,s and induced drag coefficient CD,, (which is equal to
C~,s tan ~) with mean-wetted-length-beam ratios for given
trims. The ditlerence between the solid and dashed lines
represents the friction drag. (Since the data were obtained
for speeds above the critical speed of wave propagation for
the 6-footdeep t.a~ there is no wave drag due to transverse
waves included; however, there may be some drag due to
spray or other cnuses included in this difference.) At high
trims and low length-beam ratios the induced drag exceeds
the total drag and indicates an apparent negative friction
force.. (This result was previously reported in ref. 23.) The
volume of forward spray is large at high trims and appeara to
have a high forward velocity with respect to the model. The
relative velocity of”the model in the region of forward spray
therefore is effectively revemed (see fig. 17) so that the
friction drag due to this spray acts in a direction opposite
to that of the drag in the principal wetted area and thereby
reduces the total drag. Therefore, at low length-beam
ratios where the friction drag is small, this negative friction
drag due to forward spray may cause a negative friction force
at high trims.

T~e variation of ~ with trim for the models having

sharp chines and constant angles of dead rim of 0°, 20°, nnd
40° is given in figure 18. At a trim of 12°, the vnluo of
1.-1..

b— ]s approximately constant for all Iength-beorn rntios for

the models having constant angles of dead rise of 0°, 20°, or
lk–le40°. At high trims, however, the values of ~ for tho flat-

plate model increase with increase in length-beam ratio, aro
appro.xirnatelyconstant for a given trim for a model having n
constant angle of dead rise of 20°, and docrenm with an in-
crease in length-beam ratio for a model hmving w constant

angle of dead rise of 40°. The value of ‘~for theflat-pinto

model decreasea with increase in trim at low lmgth-bmm
ratios and increasea with incrense in trim nt high length-

lk—lcbeam ratios; however, the valuo of ~ decreases with in-

crease in trim for all length-beam ratios for tho models hov-
ing constant angles of dead rise of 20° rmd40°.

Wind screen and spray shield.-The lift coefficient for
the flat-plate model with wind screen and spray shield
removed (aerodynamic tares subtracted) was approximately
the same as the lift coefficient obtained when tho wind scrmn
and spray shield were used. (See fig. 19.) At a trim of 12°
the drag coefficient for the flat-plate model with the wind
screen removed was approximately the same as tho drag
coefficient obtained with the wind screen instdlod (seo fig.
20); however, for a trim of 18° the drag coefficient of the flat
plate with the wind screen removed was less than that
obtained when the wind screen was used even beforo the
aerodynamic ttwes were subtracted. The value of the dif-
ference is in the wrong direction to be esplained by the nwo-
dynamic tares. (The aerodynmnic tares subtmctod were
less than the difference in ~. 20.) The variation of the
center-of-pressure location with mean length-beam ratio on
the flat-plate model was approximately the same for dato
taken with and without the wind screen and spray shield
installed. (See fig. 21.)

Speed,—The effect of speed ~t high trims (24°) is show-n
in figures 22 to 24. The variation of lift coefficient, drag
coefficient, and center-f-pressure location is approsinmtely
the same for speeds of 30 and 60 feet per second for 4-inch-
beam prismatic models having constant angles of cleaclrise of
0°, 20°, and 40°; therefore, there was appmently no speed
3ffect for this range of speeds.

Rounded chines,—The effect of jf~-inch-radius and )(v
rich-radius chines on the lift coeficiimt, drag coofficiont,
:enter+f-pressure location, skin-friction coefficient, and lift-
irag ratio of a 4-inch-beam rectangular flat plate is shown in
igures 25 to 29. Rounding the sharp chines of the ilabplnto
model to radii of ji~ inch and jfo inch resulted in a de-
mase in lift and drag coefficients; however, t.ho center-of-
ywssure location, skin-friction coefficients, ond lift-drag
ztios remained approximately the snme. A decrease in lift
]f approximately 5 and 9 percent resulted from rounding tho
\harpchines to a radii of )’&inch and jfainch, respectively.
:See fig. 25.) A decrease in lift for a smnll rounding of tho
:hineawas also observed by Perry (ref. 29).

The variation of skin-friction coefficient with Reynolds
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number for a trim of 8° is presented in figure 28 for a flat-
plnte model having sharp chines and %Snch-radius chines.
The agreement between the data and the Schoenherr turbu-
lent-flow line indicates that, at low trims and high Reynolds
numbers, the drag can be calculated with reasonable accu-
racy from

C.J= (?’,+ C.,S tan r (27)

where Cj is determined from the Schoenherr turbulent flow
line. (See ref. 30.) The lift-drag ratios at high trims are
influenced little by the chine condition; however, at low
trims (8°) the lift-drag ratios for the sharp-chine models are
slightly higher than those for models having rounded chines.
(See fig. 29.)

Pure planing,-The experimental data were consider&l
as pure planing if the lift coefficient due to buoyancy based
on the total wedge-shaped volumetric displacement of the
planing surface O~,Voldid not exceed a given value. The lift
coefficient due to buoyancy was calculated from the w-edge-
shaped volumetric displacement of the planing surface below
tho level water surface given by

CL,VOI ‘~&sin 27

for rectrmguhwflat plates and

1

‘L’‘“’= (1,+1.) G’ [ 1
~s~ ‘.AJW+lJ tan 9 (29)

for rectangular surfaces having dead rise and

CL,Vo,=: &shl 27 (30)

for triangular flat plates with straight leading edge and
pointed trailing edge.

The allowable lift coefficient due to buoyancy CL,VOIJas
determined from equations (2s) to (3o), was arbitiy
selected as 0.01 at a trim of 16°. The maximum allowable
~t coefficient due to buoyancy C!,vol for other trims was
determined by drawing a stiaight line from zero trim (and
zero lift coefficient due to buoyancy CL,V.1) through the
value 0.01 at a him of 16° on a curve of the variation of lift
coefficient with trim. For the flat-plate data the maximum
allowablo lift coefficient due to buoyancy CL,V02 selected
by this method at a trim of 2° varied from 16 percent of the
predicted lift coefficient at a length-beam ratio of 8 to 3.3
percent of predicted lift coefficient (eq. (23)) at a length-
beam ratio of X. These values decreased with increasing
trim so that at 30° they would vary from 6.6 percent at a
length-beam ratio of 8 to 3.0 percent at a length-beam
ratio of x. The permMble lift coefficient for surfaces having
dead rise is, in general, a slightly greater percentage of the
predicted lift coe5cient than the valuea given for the
rectangular flat plate.

Buoyancy .—The experimental lift coefficients given in
reference 31 less the lift coeiiicients calculated from equation
(20) with CD,.= 1.15 plotted against the lift coefficient due
to buoyancy O.,v.l calculated from equation (28) are
plotted in iigure 30. Since equation (2o) with CD,C=l.15
is approximately the pure-phming lift for the model inves-
tigated in referenm 31 (see fig. 32 (c)), the subtraction of
this value from the experimental lift coefficients should
indicate the amount of lift-due to buoyancy present in the
data. Only values of the difference between the experi-
mental lift coeilicient and the calculated lift coefficient
greater than 0.01 are considered since, for small differences
between experimental and calculated values, this method
is not considered to be suf3icientiy accurate to determine
the lift coefficient due to buoyancy present in the e.speri-
mental data; however, this method should give reasonably
accurate indications of the lift coefficient due to buoyancy
present in the experimental data for the cases where the lift
coe.flicient due to buoyancy is large. Figure 30 shows that
the magnitude of the lift coefficient due to buoyancy for
different speeds is approximately one-half the lift due to
buoyancy based on the total wedge-shaped volumetric dis-
placement computed by equation (28); therefore, a rough
empirical approximation of the increase in lift coefficient
due to buoyancy can be calculated with reasonable accuracy
from

cL,B +?! Vol (r 28°; CVZ3) (31)

where CLBVOZis given in equations (2S) to (30). For low
trims (4°) a lift codicient due to buoyancy greater than
that given by equation (31) is required to account for the
additional lift coefficient due to buoyancy as indicated by
the flagged symbols in iigure 30.

COMPARISON OF THEORY AND EXPERIMENT

Lift,-Only the experimental data indicated as pure planing
by the method discussed in the preceding section are con-
sidered for the comparison with theory. Also, the data
considered are only for the chine-immersed condition. The
theory is applicable to the non-chin-immersed condition;
however, for surfaces having other than a constant angle of
dead rise such as those having horizontal chine flare or
.verticd chine strips, the shape of the cross section varies,
and, therefore, the crossflow drag coefficient would not be
the same value as that detemnined for the chine-immersed
condition. The values were calculated from the proposed
theory as if there were no non-chine-immersed conditions.
For the non-chine-immersed condition, the lift coefficient
for a surface having a constmt angle of dead rise is approx-
imately the value determined at the instant of chine immer-
sion and is a constant for a given trim and angle of dead rise.
(The length-beam ratio ~ approximately a constant value
for all non-chine-immersed conditions for a given trim and
angle of dead rise.)

In order to simplify the comparison, the data are sum-
marized in the following table:
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Some of the e.sperimentrddata that were obtained with I
wooden models (for example, see ref. 31) were lower than
the values predicted by the proposed theory; this difference is
thought to be due to the infhxmce of the local shape at thi
edges (slightly rounded or roughened chines).

The effects of Reynolds ngmber, scale, and nonuniform
chine radii on CD,.have not been determined because of the
limited data available. ‘

The lift on various pure-planing surfaces with rectangular
or triangular plan forms similar to those considered can be
estinmted by changing the value of the crossflow drag
coefficient CD,Cfor a given con.figuration. Values of the
crossflow drag coefficient should be determined from tests;
however, reasonably accuraiw approximations that are satis-
factory for engineering calculations can probably be made
(see fig. 3) that will approximate the pure-planing lift for
surfaces similar to those considered herein.

For planing surfaces that vary considerably from those
considered herein, only data for a given angle of trim and

aspect ratio (for a given effective angle of dead ‘rim) me
requiredto determine the value of CD,.frOIUeqUrLtiOIl (20).

(The experimental values of lift coefficient, trim, aspect
ratio, and effective angle of dud rise are substituted into
equation (20), which is then solved for tho value of cD ,6.)

Since the value of CD.. is a constant for a given planing-
surface moss section, the lift coefficient for wide ranges of
trim and aspect ratio can then be estimated. If values of
C.,0 are obtained for two or more effectivo angles of dead
risetor a given type of planing s@ace, the value of CD,6 for
similar surfaces having a different effective angle of cload
rise can be e&mated by interpolation. Therefore, in orchw
to calculate the lift coefficient from equation (20) for wide
ranges of trim, length-bmm ratio, and effective angle of dead
rim for a given family of planing surfaces, only a very few
test points are required.

Center-of-pressure location,-A comparison of theory rtnd
experiment for the center of pressure is given in the following
table:

Data to k mmpmd—
Datn
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— ——
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W~dmtiet7~iangle of w 26 48
v*celMw#l Vertfmf

Chmdag’wment

with an elrmtfve angle of (m B 49
dead rho of 31”59’

God agreement

Trbmgnfar plan form Woo&n snrfama(seeffg. 40) (%3) al~mJpyM# m Good egrmment

‘TfN3 tiIIES Of CD,. fOrOQUatfOnw W12i%@termfna’ fromflgom8.
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CONCLUDINGREMARKS

The principal planing characteristics for models have been
obtained in extended ranges of trim and length-beam-ratio
for a rectangular flat plate and two V-bottom surfaces;
therefore, force approximations for water-based aircraft can
be made in these extended ranges with more confidence. The
data obtained for rectmgukm-flat-plate surfaces having very
slightly rounded chines indicated that slight differences in
construction at the point of flow separation can result in
decrensed lift and drag coefficients obtained for a given flat-
plate configuration; however, the center-of-pressure location,
skin-friction coefficients, and lift-drag ratios remained approx-
inmtely the same for the trims tested (8° to 180). These data
showed that slight differences in construction at the poti-t
of flow sepmation were probably the reason for the differences
in experimental data obtained for a given configuration
by various experimenters.

The proposed theory appears to predict with engineering
accuracy the lift and Center+f-pressure location of rectangu-

1,

2.

3,

4.

5.

6.

7.

8.

9.

lar flat plates, triangular flat plates planing with base for-
ward, and V-shaped surfaces having a constant angle of
dead rise, horizontal chine flare, or vertical chine strips. A
reasonably accurate approximation can probably be made
for the crossflow drag coefficient of a given model that will
result in satisfactory engineering calculations of lift and
cents of pressure for pure-pla&ng surfaces similar to those
considered in the present report. h, the proposed theory

(which can be applied to both the chine-immersed and the
non-chhe-immemed condition) together with the method for
approximating the lift coefficient due to buoyancy gives a
reasonably accurate method for estimating the lift charac-
teristics of planing surfaces for a wide range of conditions.

LANGLEY AERONAUTICAL LABORATORY,

~ATIONAL ~vmoRY Co~ DE FOR &R0NAUTICf3,

LANGLEY l?~n, VA., IVovemlwW, 1966’.
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TABLE I

EXPERIMENTAL PLANING DATA OBTAINED FOR A
RECTANGULAR FLAT PLATE

(a) Brassmodel bavlng sharp rldmw

cLd

0.174
.138

:1%
.103
.095
-cm

.214

.174

.168

.146

.133

:E

.26s

.215

.2m

.Ml

.172

.104

. 1(!3

. W

.169

.231

.273

.267

.234

.214

:%
.199
. Ia3

.472

.?36

.!223

.272

:%
.246
.237

:%
.273
.%23

.620

.407

.6m

.X23

:%

.328

.329

.3s

.W3

:%%
.360
.351
.329

Trfm
r, (IN

Cr Ik

7
—

2!
Ln
4.&7
ha

$%
kg
X92
&10
L93

;: u

%
*C5
&51
&w
&94

:;
8.10

262

N?
4.14
6.2?

M
7.22
8.05

i:
3.19
4.14
6.24
0.04
6.MI
7.12
K 18
3.07
4.14
5.24

L02
Z12
3.11
4.36
6.51
0.2.0
7.16
6.36
4.$3
3.16

LC6
ZW
am
L42
h64
6.62
—

~,w fw

—.

L .WXIO-

i%
L78
L78
L07
L 76

L80

M
L78
L67
L78
L 76

L80
L86
L78

?Z
1.67
1.m
L 60
L 67

1.m

;: ~
L78

::
1.M
1.67
L 76

L63
L80
1.m
L 78
L78
LB
1.07
L&3
L%
L03
L m
L03

L63
1.m
LF3
L&3

t%’
L60

in
L~

La

t%
L66

;2

CD.!

—

o.O&
.03
. la!
.W
.141
. l&4
.171

.104

. la

.176

.213

.234

:Z

. la

.220

.m

:%
.3m

%J

.226

:%?
.m

:%
.s36
.m2
.610

.171

.304

.427

.6U

:%
. d97
.7s7
.m’t
.413
.514
.mt

.2M

.4$3

.Wa

:%!
.148
. . . .
.Ma
.323
.633

.ml

:%
. X24
-351
—---

CL,]
—
o.ml
.37(
.45?

:s
. Me
.OW

:%
.016
.ZN
.Sm

:%

.4a5

.656

.7W

i~
: ;3J

L270
L2S3

.SW

.704

.m

i!%
L244
1.426
1.42e
1.510

.3s7

.m5

1:%
L316
L 480
L612
L@zI
l..

1.122
L31S

.W1

.851
L127
L 474
L 744
L@3
L In
L 748
L 417
L 111

.s2

.914
L2M
L#3
Lfc28
Z.!E7
—

CDJ

—

o.0%

:E
.6-Z

:E
.aa
.C57
-04

M!
:%
.020

.IB5

.072

.067

.m’l

.Om

.053

Xi
.CM

.U3

.107

.103

.CW

.W5

%j

.070

.m

.149

.135

.124

.116

.114

.118

.111

.107

. Ha

. 12s

.116

.290

.236

.215

. 1s3

. lW

. lm
----
. Im
. 1C2
.206

.m

.333

.Z3z

.257

.246
—..

l&z
18.13
lK19
la 19
la 19
1s.17
l& 3s

l&13
l&16
M 19
l&19
lx 22
18.10
18.32

18.13
1S16
l&16
18.19
18.13
18.19
18.&3
18.m
l&19

l&13
la 13
18.10
la 13
18.19
le. 04
18.3s
18.B
I&44

18.13
la 19
ML16
lK 13
I&19
1s.69
m 19
la 59
18.51
9.13
9.16
9.16

18.25
Is.2.5
18.22
la a
[8.32
I&47
M mc.19
9.16
9.16
,a ~
[a 13
l&13
18.=
la 2s
la 06

L64

:%
L%
6.05

M

;%’
x&?
&cn3

::
7.w

M
3.93
4.49
Km
e.92
7.@l
7.w
&07

2C0
2KI
262
4.12
h 19
0.04
7.16
7.18
R03

.m
20-4
?.16
4.12
h22
&01
6.17
i. 09
K 15
304
4.11
6.21

LW
Lm
R@
t.m
hu
&31
7.12
S33
i.=
3.10

L03
ZC6
S.32
4.37
5.49
L67
—

).7(M
.744
.714

:E

:%

.706

:%
.673
.Om

:%-

. iol

.ml

.078

:E
.M6

:M
.041

.676

.m6

.Ca5

.mo

.W

.W

.m

.ms

.mo

.746

.07a

.678

.044

.633

.042

.m

.633

.610

.mo

.m6

.Om

.757

.m2

.&w

.6s2

.023

.007
-----
.645
.049
.636

,742
,674
.015
.632
.693
—.-.
—

TABLE I.—Continued

EXPERIMENTAL PLANING DATA OBTAINED FOR A
RECTANGULAR FLAT PLATE

(b) Brfmmodelhavfng sharp ahhes; no wfnd SZTeen

cD,b &b

—

CD,8
—
o.mo
.0?3

:E
.023
.cm
.022

.078

.Om

.mt

:&J!

*-k I= lb II10 Y, .9(Jftlwc
TT z

(
la 23 1.64
la 13 240
l&16 &64

12 18.12 467
la 13 &66
la 19 7.80
l&18 6.87

I
l&13 L87
l&19 2s

16 18-13 4.fn
la 15 5.C2
18.13 7.10
la ls 7.97

L@ L72 0.701 1.mxlo-
2.44 247 .764 1.m
3.f4 3.aJ .716 1.80
472 475 .6!3 1.m
6.72 5.74 .676 L80
;8J ;8J .Cs.7 L6il

.!333 L&l

0:C&

.101

.116

.163

04172
,14s
.124
.110
,101
.fEs
.Om

.267

.2E
,107
.172
. lot
, WJ

. la

.162 .dti

.151 .4Q2

.2X4 #w

.2s0 .?’m

.346 1.027

.m 1.Lm

.420 1.2%3

(o) Bmm model havfng .shurpoblneq no wfad wrcon or ~y shlold

[

la 2% L64 L@ L62 0.744 : ~xlc4 0:g :% 0:g 0:;:
la 19 2m 276 278 .7Q3

E la 13 3.83 am 3.91 .K3s i6t .1CL5 .4r?z ,627 .110
la 22 L 74 La 4.s2 .071 L M .l!m .6x3 .026 .110
la 19 5.84 6.8$ 6.62 .664 1.04 .136 ,69s .023 .101

(d) Plmtla model havfng shorp cblnes

0.726
.724
.718
.712

:E
.ml

.7W

:%
.mo

.074

.679

.am

.643

I [

[

18.IXI
l&@l
la co

8 1%w
18.m
lam
l&w

L 24 L29 L 31
248 2.62 254
3.68 3.62 &04
447 &m 464
&33 6.34 6.36
&40 &4a 0.48
7.m 7.67 7.69

i OMI
.0148
.Olm
.0117
.0163
.0104
.W

.0377

:Z
,0219

.m41
,0741
, IMlo
.6567

1.11C5
#w
.07m
,Olm
.0676
.OM
,0464

.1781
, llfo
. lmt
.ml

.2664

.2!2W

. lm4
,161.9I{

17.93
12 17.93

17.m
l&10

17.83
18 17.93

17.93
la 19

L68 L@ L C5
4.01 41B 4C9
hm 6.76 hn
7.77 7.82 7..%

L04 L 91 1.a3
282 296 Zfe
h 14 6.19 6.21
&!x 0.s9 7.02

L78 .0011 .2s6
. 1m2 ; :$

k; .1374
LEaI .1713 .C$3g

L 76 . lIXM .4m7
.21W .0616

i; .3166 .C3e3
LSI .3?93 L 1310

—
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TABLE III

EXPERIMENTAL DATA OBTAINED FOR A PLANING
SURFACE HAVING 40° ANGLE OF DEAD RISE

TABLE I.—Concluded

EXPERIMENTAL PLANING DATA OBTAINED FOR A
RECTANGULAR FLAT PLATE

—
L
-r

(e) PInstlomodel kmlng %-fn~-radlm cblnes
cL,b CLS

—
.(LS3
.0i8
.m
.Cdz
,mo
.06s
,0h5

.148

.131

.m

.116

.103

.104

.GW

.104

.E34

.107

.160

.161

.169

. MI

.148

. 1E3

.173

. MS

.!2S0

.230

.m

.m

.m

.2)4

.197

.276

.234

.236

.236

.236

.’.Qa

.236

+

cD,S cL.8

1.03470.1603
.U2a4 :%
.U267
.0244 .ICB2
.6232 .03n
.0224 .0210
.6217 .W3

P,Sqft/seu

LO7X1O+

:~
L07
L07
L67
L07

L67

;%’
L67
L87
L67
1.07

cD.b CL.Jmm, Cr
r,deg
. —

1.
T

—

1.m
2s4
L159
4.79
6.62
6.s7
7.03

2@l
284
3.79
4.92
ha
7.02
7.76

L
T 1 10I

.167

.223

.273

.331

.3KI

.414

.21rJ

.339

.456

.E39

.U6

.%

.371

. 6M

.673

.760

.W

1%
L L51
.512
.6s9
.W13

.318

.ms

.722

il!!l
L23.3
L483

.377

.St’a

.m

.6Q3
L~
1.401
1.m

L 72X1O+
LTZ
L72
L72
L72
L69
L03

I

L[
la 2-5
la 13
l&19
la 19
I&16
la 07
la 07

[

18.2%
la 19
la 19
18,19
18,13
m. 19
la 22

L711

:%!
.W
.rm
:=

12

18

24

m

34

.1615 .4ZM

.2c@ .m

.W .74s3

.!2J48 .S6m

.23SI .97E3

.‘3311Ll%?d

.4197 1.m

.733

.I?a4

.672

.M6

.645

.644

.637

~

:$1

.732

.m

.716

.703

.894

.707

.m4

.6s2

.6W

.678

.67’4

.W5

.@

.e$a

.IW3

.649

.641

.W2

.041

1.7BX1O+
L78
1.78
1.78

::
1.78[

18,13
la 13
18.m
18,0)
17.$3
17.m
la co

[

la n
M n
I%n
18.23
la 20
la 13
la 13

I

la 13
la 13
la 19
la 13
la 28
18.13
la 13

.L S3
LSI
LW
L76
L78
L78
L78

L78
L83
L78
L78
L78
1.76
1.78

—
1,0

k.
\\

.8 \
\

.6 \

‘(~e)
‘.=..(,.+ 2 &A*

,= ) ( ~ ) (Rf.% 3 .nd 18)

EXPERIMENTAL DATA OBTAINED FOR A PLANING
SURFACE HAVING A 20° ANGLE OF DEAD RISE

—

IITrim, CV
r, deu

— —-

1,
-r

cL,S,,Sq [t/seo

1.70X1W
LT3
L73
LZ4
L71
Ln
L71
L71

1.70
L73
L 73
L 71
1.71
L 71
L7S

L76
L07
1.72
L72
L67
Lm

?:
L07
L07

La
L03
L83
LSO
L66
Lbl
L S-t
L64

L63
LF3
Lf4
1.bo

:$
L 64

:[ (-sin~)(~~%

I

I
la 31
18.13
la 19
18.19
18.19
la 19
la 13
la 29

L lx
.115
.110
.CM
.m
.C@2
.076
.076

2ClJ

.160

. 1.s3

.144

.139

.134

.28s

.246

.231

.221

.’207

.m

.X0

.244

.’231

.219

.361

.324

.297

.2W

.279

.m

.260

.2&9

.3X!

.3s3

.m

.$34

.!M

.2S3

.m

12

18

24

3a

34

I I I 1 1 I I
o IO 20 30 40 50 60 70 80 90

&, deg

FIGURE I.-Comparison of dead-rise function applied to linear term
with dead-rise function based on IVagner’e work.

I \o

.6

m%)

.4
[ \

o

0

— Present re~!

.2 - 0 Ebbyleff (ref. 20)

I I I I I t t I

o 102030405060 708090
&, deg

Fmum 2.—Comparison of dead-rice funotion applied to orossfiow term
with Bobyleff’s flow eueffioient.— —



-. ----- -. ..— —.—. . ..— ——

384 REPORT 135 5—NATIONAL ADVISORY COMMJ.TTEE FOR AERONA~CS

2.2 r
2.0 -

/
‘-+k.iwped Slrrke Inn&Q Vertiml

1.8

1.6 -

_ ,,,...Z::;

/“0 -

/’”” chine flore (refs. 13,24, ond 25)
~ /“

& 1.4 - .~””,..-.
$

,
\

=“ ..--Recfongulm ftot, trioqwkr flot, arid V-shoped @rrmtk
~ 1.2(c.. swfmestmi mgoumtardmjeofdad rise(refs. 23,

g :., ..’.%.
28,36, ord MO cdpesent re@)

“---ReCtOrKNLm flot with l/64 -imh-rdks ch.m
; [.0 -.’.”.’ ..... . (4-kJvbeom rmdel)
z ... .
$ ‘-Recfar@m flot with l/16 -inch-ro@s &rim
v

.8 -
(4-rnch-beom model)

.6

.4

.2

I
I I I I I I

o 10 20 30 40 50

&‘@ “

Fmuw 3.—Variation of crosefloy drag coefficient for varioua typ~ of
planing surfaca.

Pwosed tiwry, fatal Ilft (IN. (23)1
—-— -d therxy befare removol of lift

due to Ieodii-edge smtion effects
(eq. (16) + eq. (18) with CD,C = 4/3)

Trim, T, deg

(a) Flat plate.

FIGUrLD4.-Relative magnitude of components of proposed theory.

.E

;- “4

Praposed thectry, total Itft (eq. (23))
—-— .Prqmsed theory before removol of lift

& to kadlng-edge wctkm effects.
(e~ (16) + eq. (18) with CD, C = 4fi)

———-——- Crossflow term (eq (22) with Co,= s 4/3)

c
Trim, i-, deg

(b) Dead rise, 20”.
FIGUREI4.-Contiiued.

proposed theory, tatal lift (q (23))
—-— Pruposed theory before removal of lift

dme to Ieodkj-edge suction effstts
(W (16) + eq. (18) with CO,. = 4/3)

—---——- Crossflow term (eq. (22) with CO,CE“43)

2

-- I I I I I 1

Trim, ‘r, deg

(c) Dead rise, 40°.
l?xGuaE4.—Concluded.
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/
9CP
/

F.821’—

!-
I (o)

.574”

L

r.821”
i

~“”ooo” i
(n) IiYfeotive angle of dead rise, 16°. ‘ (See ref. 13.)
(b) Effeotive angle of dead rise, 32047’. (See ref. 24)

FrmrnB 5.—Croes seotion of surfaces having horizontal ohine flare.

20”

+20009+
(o)

4.125i

385

.154”

L

(b)
2“000m~25w+ ~

(a) Effeotive angle of dead rise, 15033’. (See ref. 26.)
(b} Effeotive angle of dead rise, 31059’. (See ref. 26.)

llmm &-Lhm eeotion of surfaces having vertical chine strips.

Propose-d theory (eq. (23))
————.— SOkOIW (ref. 4)
—-— %drw (ref. 5)
—-. — Perelrnuter (ref. 6)
—---— Sottorf (ref. 7)

Trim, T, deg

(a) Proposed theory and references 4 to 7.
Fmum 7.—Variation of lift coefficient with trim for rectangular flat-

plate lift formulas.
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Proposed fheory (eq. (23))
——. —— -- Fwring ard Johnston (ref. 8)
—-— hrvb-Kroukovsky (ref. 9)
—-. .— Siler (ref. 10)

.6

.4

.2

0

.4

.2

0 4 8 12 16 0 4 8 12 16

(b) proposal theory and references 8 to 10.
Fmmm 7.—Continued,

Pro-d tiwory (eq. (23))
—--———— %ftnitzer (eq. (9)) -
—— Locke (eq. (7))
—--— &awm (eqs. (10) ond (11))

.6

.4

.2

0

.4

.2

0 8 16 24 32 0 8 16 24 32
Trim, 7, deg

(o) Proposed theory and references 17, 18, nnd 21.
Puauwa 7.—Continued.

==~ Kwin-Krwktw~, S&tsky, and Lehrrmn(eq. (6))

8 16 24 3208 16 24 32
Trim, ~, deg

(d) Proposed theory and references 12, 14, rmd Crmvo’s oquntion
(eq. (5)).

FIC+UltE 7.—Continued.

Proposed theory (eq. (23))
—— —---- Shufwd (ref. I)

~-
Q“

-

‘g
3
*-
-1

0 8 16 24 32 0 8 16 24 32
Trim, 7, deg

(e) Proposed theory and reference 1.
FIGURE 7.—C+mmluded.
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Pqosed theory (q (23))
-——— —— Locke (eq. (7))
—. — Kcmin- Kmukovsky, Savitsky, and Lelunan (w. (6))

,4

.2

0 8 16 24 32 0 8 16- 24 32
Trim, r, deg

(n) Proposed theory and referent.a 14 and 17.
FIC+U~E8.—VIwiution of lift coefficient with trim for a surfnce having

an angle of dend rise of 20°.

I

Propased theary (eq Q3))
_—— ——— %lmitzer (eq. (8))
—.-— BrowI_I(eqs. (El and (13))

8 16 24 32 0 8 16 24 32
Trim, r, deg

(b) Proposed theory and referenca 18 and 21.
Fmmm 8.—Conoluded.

-d ~ (q (’=))
—————— Lcde (eq m)
—.— ttnin-wcdwsky, SaV@Y,cd LdE_MII(m (6))

.6

.4

@

Q+ 2

g -0

g .4

5

.2

0 8 1624320 8 16 24 32
Trim, T CLSg

(a) Proposed theory and references 14 and 17.
l?ZQTJEE %-variation of lift caeffioient with trim for a surface hnving

an angle of dead rise of 40°.

Praposed theory (eq. (23))
—————— %hr’itzer (eq, (8))
—-— Brmm (e@ (12) ad (E)) 7

0 8 16 24 ?2
Trim, x deg

(b) Proposed theory and referenaea 18 nnd 21.
Fmum 9.-ConoludecL
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dttl
‘(20)%?h Co& = 1.59)

-–––– Crew (eq. (5))

~ .41 I I I I I I I I I

0 8 16 24 32 0 8 16 24 32

I =0 I 1A d —
I

k&7tH—Hl—tH—H—

Trim, r, deg

~ICWRE 1().-Vafition of ~t coefficient with trim for a surface having
a bash angle of dead rise of 20° and horizontal chine flare.

.76

.72

.68

.64

.60

..56

.52

.48

~ .44

ti-
-- .40

g

3
.36

~ .32

.28

.24

.20 ~

.16-

.12-

—Proposed tneory (eq (23) )

> ––––.schnitzer ( (9))
>

1

7—-Locke (erk(7 )
> \ —--srwn(eqs.(lo) ond (11))

—---Korvin-Kmukowky,
Sovitsky, ond Mman (eq.(6) )

Ex@ment

WI Trim, T,deg

I
.-,

1 I I t I I I I 1 1
0

!
.8 1.6 2.4 32 4.0 4.8 56 6.4 7.2 8.0 8B

b
-T

(a) Flatplate.
Fmmm 11.—Comparison of the results oalculai%xlfrom the proposed

theory and referenw 1417, 18, and 21 with experiment.

.68

[

o -Prqosad theory (eq (23))
.64 –-–-%lmitzer( (8))

& 7—-Locke (eq(7 )

.60
—-&cWrl (eqs,(12)old (13)) .
—---Kmb-Kwkovsky,

r!! I SmMy, cod L&man (eq. (6))

k
.56-

\

.52 \

.48

~ .%
2 Triq r, deg
~ .32 -

-- —--— --—--—.

=
-I .28 -h

.12

0
I

.8 1.6 24 32 4.0 4.8 56 64 7.2 8.0 SS
b

-T

(b) Dead rise, 20°.
FIC+IJEE il.—Continued.



A THEORETICAL AND E=ERIMENTAL STUDY OF PLAITUW SURFACES

.

.68-

.64 -

.60 -

.56

‘1
.52 -~

.48 -}
:

.44 -’
\

3.40 -i
b \\

—--- Kom”n-Krmkcmky,
%vitsky, and Lehmon (eq. (6) )

Ex@wnt

Trim, 7,deg

deg

L _-, — _________ 1

‘J

-- +--*--- -1

1 4,

0 .87.6- 2.4 32 4.0 4.8 56 6.4 7.2 80 8.8
lm

-F

(0) Dead rieoj 40°.
FIGURE 11.—(linoluded.

(a) 4000” ~

-4000° J

I 2000”+
4.000”

(a) Flat plate.
(b) Dead rice, 20°.
(0)Dead rice, 40°.

I?mmm 12.—CroM sectione of brass modele
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)

///////
Steel bxkirg plate

///////”

y~ T
I.@

‘//
,/’

/

(h)

4.000’

/

/

,..--+- MI rodius (c)

4000”

(a) Sharp shines.
(b) %-inoh-radius ohines.
(0)fie-inoh-radius chines.

Fmum 13.—Cros9 seotions of p~lc models.
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.40–

.38 -

,36 -

.34 -

.32 -

.30 -

.28 -

.26 -
~$
~ .24 -
c0
Q-.22 -

~Q

# .20 -
al

g.la -

8
~.16 -

&
.14 -

.12 -

,10 -

.08-

.06-

.04-

.02-

(o) Dead rise, 40°.
FIWB~ 15.—Concluded.

o Total dreg, C@
u Induced dreg, CLS tan T

Trim, T,deg

34

30

.— __
___ r-l

—____ a

24

21

18

15

12

(cl)
I I I I I I I I I I

o .8 1.6 2.4 3.2 4.0 4.S 5.6 64 7.2 8J3 S.8
1~

-F

(a) Flat plate.
l?IGunD 16.—Comparieon of total drag with induced drag.

.26

.24

.22

.20

@ 8

-?~ .16
f.-l-

&J4

z
.g .12
c
~ Jo

s?
& .08

.06

.04

.02

0

:b)

\\

\ o Totol drag, CQS
n Indwed drag, C&Stan T

\
\

\
u, Trim, T, deg

‘m..
a 34

-n---n

\.. so

“u--n

L24
-- __ ——-8

-~ --- -— __ _ -8

I I I I I I I I I I I
.8 1.6 2.4 32 4.0 4.8 5.6 6.4 7.2 80 8.8

lm
T

(b) Dead rise, 20°.
I?mwma 16.—ContinuecL

18

12

Total dreg, %5
In&ced drag, CL,Stan 7

Trim, T, deg

o

n

34

30

Q1
u--.—_ -8-G 24

t
.04 —-_

.02
t [c) - –-+––a––+–~––~ ‘2
I

.—.
I I I I 1 I 1 I I I 1

0 .8 1.6 2.4 32 4.0 4.8 5.6 6.4 72 8.0 8.8
l.n...
7

(c) Dead rise, 40°.
FIGm 16.-Conoluded.
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.16

1

\

.12

l&lc
~ .08 ~

b
.04

Trim=12°

o~
.16

‘k

n
.12 -

1~_lc
b

~ .08 b
Bba

.04
Trim=18°

.16

.12

[./

o

l~-lc
~ .08 0 0 0

0

“:&
.20r

Zk-zc
b

[/

o
.16

0

.12

.08 0

.04

t (o) Trim=34°

I I I 1 I I
0246 8 10

r

[

o

-o=-&

Trim=15°

I I I I I I

1/d Trim=21°
I I I I I I

EL
n

4c1n
a

Trim=@

0246810
lm

7

(a) Flat plate.
~b–t.FIGIIEH18.—Variation of ~ with trim.
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1* -1= .3

b
.2

.1

‘L

Trim=12°

o

.5

.4

-1--

Trlm=24°
tkml~ “3

b
,2 n n

a
o

L---
.5 -

.4 -

Lk-tc .3 -
Trim=34°

b
.2 -

0
.1 -

(b) o
n

0 ~

I I I I
0246 8 10

lm

T

1---L+-A+

Trim=l EP

I I I I I

1-Trim=3W’

t--’””
I I I I I I
0246 “8 10

lm
T

(b) Dead rise, 20°.
FIGURE 18.—C-ontinued.

l.2–
r. h

h b
1.0 -

.8 -

ik+ .6

b

. .4 -
Trim=12°

.2 –.

o I I I I I
.8

-k-l

,.

.6

lk-lc .4 0

b
o

.2 Trim=24°

o

.6

lk - tc
.4

-L

Trim=34°
b

.2
(c) 06

0246 8 10
lm

T

t

Q
0 b

n
IJ n

n

Trim=18°

I I I 1 I

L

~“

0246810
lm

T

(c) Dead rise, 40°.
Fmcnm 18.—Concluded.

.32~

.a - 0 Wii swen, SW+ shield
n NovJirPdscrw

.24 -
A No wiredscreen IX WOY shield

— pmpcd theory (eq. (23)

N

Q<-.20 -

.3-,6 _

Trim T deg

18
=

3
.- -12 -*-
-1

12
.08 -

.04 -

I I I I I I I I I I
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FrQURE 43.—Variation of center-of-pr~e location with mean
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FmmB 48.—Variation of center-of—preamre looation with mean
wetted-length-beam ratio for a surfaoe having a basio angle of dead
rise of 20° and vertical chine strips, (EMeotive angle of dead rise,
15083’.) (Data of Kapryan and Boyd (ref. 26).)
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